Among sturgeons, the occurrence of individuals with gonads containing both testis and ovary components is considered pathological, and such fish are described as intersex individuals or intersexes. Intersexes are observed in both wild and cultured populations of sturgeon, usually at low frequencies. In the present study, intersex Russian (Acipenser gueldenstaedtii) and Siberian (Acipenser baerii) sturgeons constituted 30% of the studied populations. Macroscopically, intersex gonads were recognizable from 500 days posthatching (dph). Initially, gonads with predominantly male characteristics (testis-ova) were observed, but in older fish gonads with predominantly female traits (ova-testis) were more frequent. Using microscopic analysis, intersex gonads were discernible by 130-200 dph. Observations of intersex germinal epithelium development and analysis of sex distribution in the study populations indicated that feminization was occurring. Histological analysis revealed that differentiation of the germinal epithelium in such gonads was accompanied by various morphological alterations (transformations) that were described using quantitative and localization criteria. The most common type of transformations, massive subepithelial transformations, was manifested by the presence of abundant female germinal tissue located under the gonad surface epithelium in the developing testis. These transformations were identified in the early development stage (100-200 dph). In this type of transformation, differentiation of female germinal tissue at the gonad surface and male tissue at the mesorchium/mesovarium resulted in complete formation of both male and female germinal epithelia within the same gonad.
INTRODUCTION
During the last century, world sturgeon production increased rapidly, correlating with a sharp decrease in the yield of the wild Caspian Sea sturgeon catch [1] . Sturgeon aquaculture has grown worldwide, not only because of consumer demand for sturgeon products, such as meat and caviar, but also because of conservation efforts [1] [2] [3] . Both aquaculture and conservation of wild populations require detailed knowledge of all aspects of sturgeon reproduction. Increasing reports on the occurrence of intersex individuals in natural and cultured populations of all sturgeon species is a current concern in reproduction of this fish. Contrary to the reproductive strategy of many fish species, in which hermaphroditic individuals are normal constituents of the population [4] , hermaphroditism in sturgeons is considered pathologic [5] . In such cases, individuals showing both female and male germinal tissue in the gonads are referred to as intersexes [6] . In sturgeons, as in all gonochoristic fish species, intersexes are considered rare [5] . However, intersexes have been observed in various sturgeon species: the Russian sturgeon Acipenser gueldenstaedtii [7, 8] , Acipenser sturio [7] , bester (Huso huso 3 Acipenser ruthenus) [9] , the Atlantic sturgeon Acipenser oxyrhynchus [10, 11] , the shortnose sturgeon Acipenser brevirostrum [10, 12] , and sterlet Acipenser ruthenus [13] .
The frequency of intersexes in natural populations of different sturgeon species is usually low and generally does not exceed 3% of the total population [11, [14] [15] [16] . However, in some studies a considerable percentage of intersexes has been reported: 11.6% in the shortnose sturgeon from the Delaware and Cooper Rivers [16] , and 29% of males in the Pallid sturgeon, Scaphirhynchus albus, population from the Mississippi River [15] . In natural populations, the presence of intersexes is often related to water contamination with endocrine-disrupting chemicals (EDCs) [15] [16] [17] . The mechanism of action of these compounds involves interference with the signaling pathways of endogenous hormones [18] . Endocrine-disrupting chemicals include, for example dichlorodiphenyltrichloroethane (DDT), polychlorinated biphenyls (PCBs), bisphenol A, polybrominated diphenyl ethers, and phthalates [19] . The high levels of PCB and of the DDT degradation product dichlorodiphenyltrichloroethane in the flesh and eggs of Pallid sturgeon have been correlated with the high frequency of intersexes among males in the wild population from the Mississippi River [15] . In the population of white sturgeon (Acipenser transmontanus) inhabiting the Columbia River, three intersexes were found, and DDT and its metabolites, as well as PCB and other pesticides, were detected in the gonads and livers of these fish. A negative correlation was also found between sturgeon androgen levels and the plasma level of EDCs [20] . Intersex sturgeons have also been observed in aquaculture. Similar to the wild populations, their frequency is usually low (less than 5% of reared fish) [12, 13, 21] . According to the literature, a higher ratio (14%) of intersexes has been observed only in the case of Russian sturgeon [8] .
Gonadogenesis in various species of sturgeons has been described extensively by many authors [12, [22] [23] [24] [25] [26] [27] [28] . However, the differentiation and development of intersex gonads, which are very important issues in sturgeon reproduction, are not yet fully understood. The present study describes the intersex gonad differentiation at early developmental stages at the macroscopic and microscopic levels. Various morphological alterations were observed during intersex gonad development and differentiation in both sturgeon species studied here. Thus, a classification is proposed to characterize all types of identified gonadal transformations.
MATERIALS AND METHODS

Rearing Conditions
The larvae of Russian (Acipenser gueldenstaedtii) and Siberian (Acipenser baerii) sturgeon were obtained from the private fish farm ''RYBA'' in Olesnica, Poland, and were reared from 3 days posthatching (dph) to age older than 2 yr in the Division of Ichthyobiology and Fisheries of the Warsaw University of Life Sciences. The larvae and juveniles were reared in 5-L glass aquaria at an initial stocking density of seven individuals per liter. The aquaria were placed in water recirculation systems with aeration, biofilters, and an ultraviolet filter. A constant 12L:12D photoperiod was applied during the entire rearing period. Beginning from 30 dph, fish were reared in indoor recirculating tanks of three different volumes. Stock density did not exceed 2.0 kg m À2 during rearing. From 8 dph (when yolk supply is exhausted and the melanin plug is ejected) until 20 dph, the fish were fed brine shrimp (Artemia salina) nauplii at the level of 15% of fish biomass per day, in 12 equal doses. Starting at 20 dph the sturgeons were fed commercial diets (Skretting). From 20 dph (average fry weight, 0.16 g), an extruded starter for marine fish (Perla Larva Proactive 6.0-4.0) was used. When the fry reached an average weight of 0.5 g, the diet was gradually switched to Nutra 3.0-1.9, and when fingerlings reached 15 g, it was switched to Estella 1P-XL. Feed was administered in 10 equal doses per day by the automatic feeders. The daily feeding rate was set according to Kolman [29] . The average water temperature in the aquaria and indoor recirculating tanks was 20.78C 6 0.78C, the pH was 7.6 6 0.2, and the dissolved oxygen concentration was 7.9 6 0.3 mg/L. Measurements of pH and water temperature were performed daily using a WTW pH 3110 SET-2 pH meter (WTW Wissenschaftlich-Technische Werkstätten GmbH) and a WTW Oxi 3205 SET-3 dissolved oxygen meter (WTW Wissenschaftlich-Technische Werkstätten), respectively. The survivability of sturgeons during the first 30 dph was 70.7%; later on, no mortality occurred subsequently.
Sample Collection
Gonads from 58 individual Russian and 61 individual Siberian sturgeons were collected at eight time points during rearing. Before sampling, the fish were anesthetized using MS-222 (ethyl 3-aminobenzoate methanesulfonate; Sigma-Aldrich) and decapitated. Rearing and sampling methods followed the guidelines and approval of the local ethics committee for animal experimentation in Warsaw. Because of differences in the rate of development among individuals of the same age, the animals were classified into three different groups according to the stage of gonad development. Early differentiation included individuals 100-200 dph when gonad differentiation was initiated and identification of the sex of the animals was possible based on histological analyses. Middifferentiation included individuals 200-400 dph at the onset of mitotic activity of the spermatogonia in the testes and the beginning of the primary oocyte stage of oogenesis in the ovaries. The formation stage included individuals 400-800 dph when the germinal epithelium in both testes and ovaries was completely formed.
Histological Analysis
The gonads were preserved in Bouin solution (Sigma-Aldrich), subjected to standard histological procedures, and embedded in paraffin. The preparations were cut into 5-lm-thick sections using a Leica RM2265 microtome (Leica Microsystems). Sex identification was performed using preparations stained with periodic acid-Schiff/metanil yellow-Weigert hematoxylin (PAS/MY-H) [30] . The formation of basement membranes during the development and differentiation of the germinal epithelium was visualized according to the method of Gordon and Sweets [31] for staining reticulin fibers. The original method was modified by using contrast staining with a 2% aqueous solution of methyl green (POCH S.A.) for 15 sec instead of nuclear fast red. The formation of the germinal epithelium was described based on criteria established by Grier [32] .
Statistical Analyses
A chi-square test was used to compare sex distribution in populations of the two sturgeon species. Analyses were performed using R software environment, version 2.15.3 (R Development Core Team, 2013).
RESULTS
Development and Differentiation of Gonads: Macroscopic View
The gonads of both sturgeon species were visible at the beginning of the early differentiation stage (100-130 dph) as a pair of thin structures extending along the dorsal wall of the ventral cavity, parallel to the kidneys. At this time a small amount of fat appeared along the gonads, most abundantly in the anterior region (Fig. 1A) . During the middifferentiation stage (200-400 dph), fat was visible along the entire gonad (Fig. 1B) . The amount of fat differed among the individuals, from abundant (greater in volume than the germinal part of gonad) to sparse (Fig. 1, B and C) . The adipose tissue often showed pigmentation that differed among individuals (Fig.  1B) . During the middifferentiation stage, the germinal regions of the gonads showed distinct sex features. The ovarian tissue was darker and heterogeneous, with a folded surface (showing small transverse fissures and often a single deep fissure running parallel to the long axis of the gonad; Fig. 1C ), whereas the testicular tissue was brighter and homogeneous, with a smooth surface (Fig. 1D) . The size of the germinal regions differed among individuals, but ovaries were usually larger than testes (Fig. 1, C and D) . During the gonad formation stage (400-800 dph), sex identification by macroscopic view was possible in almost all fish, and the results were confirmed by histological analysis. However, intersexes were not always recognizable at this stage. Their correct identification was possible only when the germinal part of the testicular and ovarian tissue within the intersex gonad was well developed and large (Fig. 1, E and F). During early differentiation and middifferentiation stages, macroscopic examination usually identified intersexes as males, and testis-ova were revealed during histological analysis. Macroscopically, intersex individuals were recognizable beginning at 500 dph. Intersex gonads typically possessed the morphology of one sex with inclusion of the other sex, within one or, more often, both gonads ( Fig. 1 , E and F). Individual intersex fish differed in the amounts of female and male germinal tissue. At the beginning of the formation period (400-500 dph), the male tissue usually prevailed (testis-ova) (Fig. 1E ), whereas the proportions subsequently changed and the female tissue became more abundant (ova-testis; Fig. 1F ). The macroscopic view did not show any differences in gonad structure between the sturgeon species: however, individual differences were observed in the size of the germinal region and in the level of gonad adiposity and pigmentation.
Development and Differentiation of Gonads: Microscopic View
Intersex germinal epithelium differentiation during the early stage. The onset of gonad differentiation observed by histological analysis in both sturgeon species was already initiated by the early differentiation stage (100-130 dph). The first morphological sign of ovarian differentiation was the formation of folds in the columnar epithelium covering the gonad surface. Germinal cells located interior to the columnar epithelium were clustered into mitotic oogonial nests in early ovaries. In contrast to the ovary, the surface of the early testes remained smooth, and the surface epithelium consisted mainly RZEPKOWSKA ET AL. of cuboidal and columnar cells. The testicular germinal region contained scarce spermatogonia, whereas in the region adjacent to the mesorchium region spermatogonia formed longitudinal strips. At the beginning of the early differentiation stage, intersex gonads developed into both testes and ovaries. However, the changes were difficult to recognize because of the lack of significant differences between the spermatogonia and oogonia, and the presence in germinal tissue of undifferentiated late primordial germ cells (PGCs; Fig. 2A ). At the beginning of the early differentiation stage (100-130 dph), intersex gonads showed furrows on the gonadal surface and aggregations of germinal cells in the mesorchium/ mesovarium-adjacent region (Fig. 2, A and B) . These transformations were accompanied by a histological pattern more typical for the developing testes. In later phases of the early differentiation stage (130-200 dph), intersex gonads were RZEPKOWSKA ET AL.
readily identifiable and consisted mainly of the developing male germinal epithelium, with female features at the gonad surface. Such gonads showed numerous folds and notches covered by columnar epithelium, as was typical for ovaries. Under the basement membrane of the gonadal surface epithelium distinct clusters of germinal cells were visible (Fig. 2, C and D) . The male components of the gonad occupied the central and mesorchium/mesovarium-adjacent regions, where loosely dispersed spermatogonia were found (Fig. 2D) . At the end of the early differentiation stage (170-200 dph), most oogonia in the intersex gonads formed nest structures surrounded by a basement membranes (Fig. 2E) and underwent meiosis and subsequent oocyte development in the female part of the gonad (Fig. 2F) . The formation of basement membranes surrounding the oogonial nests (which are extensions of gonad surface epithelium basement membrane) was necessary for the complete development of the female germinal epithelium within intersex gonads. At the same time, the development of the male germinal epithelium was considerably delayed, as is typical in differentiation of the testis. At the middifferentiation and formation stages, intersex gonads showed considerable morphological variation due to differences in the timing, level, and location of transformations. The degree of epithelium folding, and the number and distribution of female and male cells differed considerably among individuals. Therefore, further developmental changes of the intersex germinal epithelium were subjected to a detailed analysis.
Intersex germinal epithelium differentiation during the middifferentiation and formation stages. During the middifferentiation (200-400 dph) and formation (400-800 dph) stages, intersex gonads were recognized based on the presence of at least one germinal cell type typical of the other sex compared with the remaining germinal cells. During the middifferentiation and formation stages, the female and male regions of the intersex gonads underwent further development, which resulted in the presence of both types of germinal epithelium in a single gonad. At the end of the formation stage (650-800 dph), oocytes in the primary oocyte stage were observed in the ovarian tissue, and spermatozoa were detected within the lumen of the seminiferous tubules in the testicular tissue. Oocyte development within the female germinal epithelium during the formation stage was arrested at the diplotene stage of the first meiotic division, and ovarian follicles had started to develop. The male part of the gonad consisted of developing seminiferous tubules surrounded by a basement membrane, with spermatocysts or open tubules filled with spermatozoa. A quantitative evaluation of the transformations and their location within the intersex gonads was conducted as part of the detailed morphological description of the intersex germinal epithelium development (Supplemental Table S1 , available online at www.biolreprod.org).
Quantitative transformations. Morphological changes observed in intersex gonads (transformations) were quantified as single (5% of Russian and 29.6% of Siberian intersex individuals in the middifferentiation and formation stages) or massive (95% of Russian and 70.4% of Siberian intersex individuals in the middifferentiation and formation stages). In single transformations, individual female germinal cells were distributed among the predominantly testicular tissue (Fig. 3,  A-C) . The single transformations during the early differentiation stage were impossible to identify because of the similarity of oogonia and spermatogonia at the light microscopic level. In single-transformation gonads, the male germinal epithelium dominated, and such gonads therefore exhibited predominantly testicular morphology (testis-ova). The surface of these gonads remained smooth during all of the developmental stages analyzed (Fig. 3A) . During the formation stage the male germinal epithelium was composed of open seminiferous tubules and met all of the requirements for epithelia (Fig. 3B) . The female parts of the intersex gonads having single transformations consisted of oocytes (at the pachytene or diplotene stage) present in various locations: adjacent to the surface gonadal epithelium (Fig. 3C) or deeper in the stroma, among the spermatogonia and spermatocytes (Fig. 3, A and B) . Analysis of gonad sections in which single oocytes were observed among testicular tissue did not reveal whether, if no contact occurred between ovarian follicles and the gonad surface, the female components would not form the complete germinal epithelium and would be unable to ovulate. In the case of oocytes located adjacent to the gonad surface epithelium, both male and female germinal epithelia were formed.
In intersex gonads, massive transformations were much more frequently observed than single transformations. In massive transformations, abundant male and female germinal tissue was found in the same region of the gonad (Fig. 3D) . These transformations were already clearly recognizable at the early differentiation stage. In intersex gonads with massive transformations, the female components were primarily observed near the distinctly folded surface epithelium, and they formed the female germinal epithelium at the free gonad surface (Fig. 3D) . The male germinal epithelium was usually adjacent to the mesorchium/mesovarium. However, a different distribution of both germinal components was observed in some individuals. In these rare cases, the female components were found in the mesorchium/mesovarium region (Fig. 3E) or dispersed among the testicular tissue (Fig. 3F) . The amounts of male and female germinal epithelium that developed within the intersex gonads differed among individuals, but the rate of development of ovarian and testicular tissue did not differ significantly from that of normal gonads. The histological analysis revealed a relationship between the age of the intersex individuals and the amount of gonad transformation in both sturgeon species. At the end of the formation period (650-800 dph), gonads of intersex individuals usually contained more ovarian tissue than testicular epithelium (ova-testis).
Location of transformations. On the basis of their localization within the intersex gonads, transformations were classified as interstitial (35% of Russian and 37% of Siberian intersex individuals in the middifferentiation and formation stages) or subepithelial (65% of Russian and 63% of Siberian intersex individuals in the middifferentiation and formation stages). Interstitial transformations included single oocytes present within the testicular tissue (Fig. 3, A and B) or massive changes observed as female tissue inclusions in various regions of the testis but not connected with the basement membrane of the gonad surface epithelium (Fig. 3, E and F) . In this type of transformation, the intersex gonads showed a smooth surface typical for testes, and the female components (composed of clusters of oogonia and single oocytes) were located in the stroma (Fig. 3F) or adjacent to the mesorchium/mesovarium (Fig. 3E) . In fish showing interstitial transformations, the testicular tissue formed a complete male germinal epithelium, whereas the female component was incomplete (because of the lack of connection with the surface of the gonads; Fig. 3B ). However, in massive interstitial transformations during the development of ovarian germinal tissue, prefollicular cells moved from the surface epithelium towards the differentiating female germinal cells located interstitially, which resulted in the formation of folds and the connection of the female epithelium with the gonad surface (Fig. 3G) . Subepithelial massive transformations were the most common morphological changes observed in intersex gonads in both species (60% of Russian and 59.3% of Siberian intersex individuals in the middifferentiation and the formation stages). This type of transformation referred to the location of the abundant ovarian tissue under the gonad surface epithelium (Fig. 3D) . Single subepithelial transformations were very rare (Fig. 3C) . The development of subepithelial massive transformations was a continuation of processes observed during the early differentiation period. In this type of transformation, the ovarian tissue was always connected to the gonadal surface epithelium by extensions of basement membranes, and the gonad surface was distinctly folded (Fig. 3H) . Such a location of both types of the germinal tissue resulted in complete formation of both female and male germinal epithelia (Fig. 3I) . The proportions of female and male tissues and their mosaic composition in intersex gonads with massive transformations showed large individual variation; thus, classification of gonads as ova-testis or testis-ova was often impossible. In some cases, the female germinal epithelium extended from the gonad surface through the stroma to the mesorchium/ mesovarium, whereas the male tissue was located laterally to the female component (Fig. 3J) . In other individuals, the ovarian tissue was limited to a narrow stripe extending along the long axis of the gonad, whereas the male component occupied the central region and/or was adjacent to the mesorchium/mesovarium (Fig. 3K) .
Intersex gonads often showed numerous regions containing different types of transformations, even within a single gonad from an individual. In one individual Russian sturgeon, the histological analysis revealed a complete sex reversal. This gonad showed all of the features typical of the ovary, but distribution of various components, the presence of large atypical nests of oocytes in the pachytene (Fig. 4A) , atypical clusters of oocytes at the primary oocyte stage in the mesorchium/mesovarium region (Fig. 4, B and C) , and considerable differences in developmental stages of germinal cells indicate the possible advanced process of feminization. Atypical gonads were also found in some Siberian sturgeons during the middifferentiation stage. The histological pattern of these gonads was characterized by the presence of deformed folds on the gonad surface (Fig. 4C ) and numerous strips of PGCs (typical for the early differentiation stage), accompanied by a lack of more mature germinal cells (Fig. 4, C and D) .
Sex Structure of the Populations
Evaluation of the sex structure of populations of both Russian and Siberian sturgeon was based on the histological analyses performed at the three gonad developmental stages ( Table 1 ). The two species showed no statistically significant differences in sex distribution (chi-square test P ¼ 0.9). Because of the limited number of observations, unclassified individuals were excluded from the analysis. Forty intersexes-20 of each species-were identified among the analyzed sturgeons. The intersexes were identified in all developmental groups, and they comprised approximately 30% of each population and .70% of males (the contribution of intersexes among the total number of intersexes and males since the transformations occurred in testes). Males with completely normal testis development comprised only 10% of either population.
DISCUSSION
Data on the frequency of intersex individuals in sturgeon aquaculture are significantly scarcer than those for wild populations. Even when cultured sturgeon intersexes were observed, they represented a small percentage of the population [12, 13] . Only Jackson et al. [8] reported a higher fraction (14%) of these individuals in cultured Russian sturgeon. Therefore, the high frequency of intersexes observed in the present study (more than 30% in each species) is noteworthy. Both male and female gametes from intersexes were functional, as has been demonstrated for starlet and shortnose sturgeon by successful cross-and self-fertilization [13, 21] . Intersex occurrence in wild populations could have a negative impact on genetic diversity, and thus self-fertilization is the most extreme form of inbreeding. However, there are no data confirming self-fertilization in wild populations of sturgeons. In sturgeon aquaculture, the high rate of intersexes may cause difficulties in monitoring the sexual structure of the brood stock and could have a negative impact on the formation of monosex stocks used for caviar production. According to various authors, the factors inducing intersex gonads in sturgeons include genetic background [8, 13] , environmental conditions (e.g., thermal stress [8] ), and exposure to EDCs [8] . In our study, the similar frequency of intersex individuals in populations of two different sturgeon species allows us to exclude genetic factors. In addition, environmental factors also cannot explain of the high frequency of intersex individuals found in the present study. Among environmental factors, temperature is considered the most powerful agent affecting sex in fish [33] . Elevation of temperature during the rearing of fish, in which sex is temperature dependent, may increase the proportion of males [33, 34] . In our study, sturgeons were reared at a relatively high temperature (approximately 208C). If sturgeon sex was temperature dependent (no such relationship RZEPKOWSKA ET AL.
has been reported), males would predominate; however, males comprised only 10% of either population. The high frequency of intersexes cannot be explained by thermal stress, because temperature was maintained at a constant level during the entire rearing period. We may also exclude waterborne exposure to EDCs, because the fish were reared in indoor recirculating systems supplied by tap water. The feed could be a source of EDCs, but the fish were fed a commercial diet in which it is doubtful there were high levels of such substances. However, because no analysis of the fish feed was conducted, we cannot exclude the feed as a source of EDCs. Most commercial diets for sturgeons contain high-protein products, such as soybeans [35] . The soybean is a rich source of phytoestrogens-compounds with weak estrogenic activity that bind to estrogen receptors and are able to induce vitellogenin synthesis in sturgeons [36, 37] . The diet used in the present study contained large amounts of soybean, which may have caused a high level of phytoestrogen exposure. The use of a water recirculation system could enhance the chronic exposure to phytoestrogens from the diet. Therefore, dietary phytoestrogens might have been responsible for the high rate of intersex gonad formation, although no direct effect of dietary phytoestrogens on the formation of intersex gonads in sturgeons has been reported. However, dietary exposure to genistein, one of the major phytoestrogens in soybean, was shown to affect the intersex occurrence in a variety of fish species, such as guppy (Poecilla reticulata) [38] and channel catfish (Ictalurus punctatus) [39] . Waterborne exposure to genistein and equol also induced intersex occurrence in the medaka (Oryzias latipes) [40] . However, administration of phytoestrogens has produced different effects on sexual development in a variety of fish species, causing not only feminization but also masculinization, depending on the species [38] [39] [40] . The different effects of genistein may be the result of the ability of phytoestrogens to act as both estrogen agonists and antagonists [41] . The average concentration of phytoestrogens (isoflavones) in the feed used for sturgeon breeding in this study was evaluated using gas chromatography and mass spectrometry and was in the range of 27.6-228.5 mg kg À1 (expressed as the sum of equol, formononetin, biochanin A, daidzein, and genistein). Genistein, which has a proven intersex-inducing activity, was the main component of the phytoestrogen fraction, with an average contribution in the 52%-70% range. The above compounds were also found in the blood and tissue samples of the sampled animals at significant concentrations (Roszko and Rzepkowska, unpublished data).
To the best of our knowledge, the present study is the first report examining the differentiation of intersexual germinal epithelia at early stages of sturgeon development. Previous reports only examined mature intersex animals [8, 11, 12, 16, 21, 42] , and most studies, similarly to this study, reported both bilateral and asymmetric distributions of transformation regions by macroscopic examination of the intersex gonads [8, 9, 16, 21] . The results of histological analyses from previous studies, also similarly to this study, identified both single [11, 12, 16] , and massive transformations in which substantial amounts of both ovarian and testicular tissue were observed [8, 16, 21, 42] . Therefore, the differentiation of intersex germinal epithelium in sturgeons involves various morphological changes that result in differences in the location and abundance of testicular and ovarian tissue among the intersex individuals. The present study revealed that massive subepithelial transformations, the most commonly observed alterations in both species, were initiated below the surface epithelium of gonads that had predominantly male features. Areas of massive subepithelial transformations increased with the age of the fish and moved closer to the mesorchium/ mesovarium, until they formed structures similar to the ''pockets or lamellae'' described by Matsche and Rosemary [16] . According to Grier's [32] criteria, this kind of morphology enables the complete formation of both male and female germinal epithelia in a single gonad.
In the present study, single and interstitial transformations were the least frequently detected changes. The lack of massive interstitial transformations in intersex individuals with the most advanced stages of development of the ovarian tissue, and the lack of reports of similar transformations in mature fish indicate the transitory nature of such changes. These transformations, seen during fish maturation, probably become subepithelial massive transformations as a result of a prefollicular cell penetration that also caused the gonad surface folding. The occurrence of single oocytes in the predominantly testicular tissue was also observed by Flynn and Benfey [12] , and by Van Eenennaam and Doroshov [11] . However, the frequency of single transformations is probably underestimated, both in the present study and in other reports, because this type of transformation is visible only at the microscopic level. This limitation may result in the incorrect classification of such gonads as proper testes. Moreover, single oocytes that underwent interstitial differentiation did not form a complete ovarian germinal epithelium connected with the gonad surface, suggesting that the oocytes could not undergo ovulation and would undergo atresia instead.
The dynamics of the differentiation and development of intersex gonads, together with the sex structure of the two sturgeon populations, revealed that the observed gonadal transformations were the result of feminization. Both macroscopic and microscopic analyses showed that feminization was a continuous and gradual process, leading to complete sex reversal in at least one case. Such an effect might be caused by a weak but continuously acting factor. The feminization process is indicated by both arguments. First, there was an occurrence of approximately 50% of females with normal ovaries in the population of both sturgeon species, which is typical for sturgeons [43] , whereas the proportion of normal males was deficient. Second, all intersex gonads developed from testes (testis-ova) during the early differentiation stage, and thus the animals were initially identified macroscopically as males. The process of their conversion toward having a predominance of ovarian tissue took place gradually with the aging of the fish. Thus, ova-testis intersex gonads were first observed during the formation stage. The progression of massive transformations was confirmed by the results of the histological analysis. In older individuals, more abundant aggregations of female germinal tissue were observed, whereas the male tissue decreased (ova-testis). These observations suggest that the earlier appearance of subepithelial ovarian tissue developed into the larger female regions of the intersex gonads. However, it is not clear whether the increase in size of the female gonad components in older intersex individuals resulted from an increase in oocytes alone, or was also due to increases in the regions undergoing transformations. If the feminizing agent acted continuously, both phenomena are possible. Spermatogonia of gonochoristic fish (for example, rainbow trout) exhibit plasticity and are able to transform into oogonia [44] . Therefore, the spermatogonia that predominated for long periods of time during testicular development could have a high potential for transformation into oogonia, consistent with progressive feminization over time. The abundance of altered germinal tissue may also reflect the strength and duration of the feminizing agent. The data obtained in the present study showed that this factor (or the INTERSEX GONAD DIFFERENTIATION IN STURGEONS cumulative effect of various factors) was weak, because only one case of complete sex reversal was observed. In most intersex individuals only a partial transformation occurred, resulting in the occurrence initially of testis-ova-and later, ova-testis-type gonads. Because the feminization process was gradual and progressive in both sturgeon species, the fish were probably subjected to a constant exposure to the transforming agent. All of the data suggest the influence of dietary phytoestrogens on the development of the intersex germinal epithelium in sturgeons. However, a detailed experimental evaluation of the effects of various feeds (with different phytoestrogen concentrations and profiles in the diet) on the differentiation of intersex germinal epithelium in sturgeons will be necessary to confirm this hypothesis.
